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SUMMARY 

Mult icomponent f l u o r i d e  s a l t  m i x t u r e s  were c h a r a c t e r i z e d  f o r  use as l a t e n t  
hea t  o f  f u s i o n  heat  s to rage  m a t e r i a l s  i n  advanced s o l a r  dynamic space power 
systems w i t h  o p e r a t i n g  temperatures i n  t h e  range o f  973 t o  1400 K .  The m e l t i n g  
p o i n t s  and e u t e c t i c  cornposi t ions f o r  many systems w i t h  p u b l i s h e d  phase diagrams 
were v e r i f i e d ,  and seve ra l  new e u t e c t i c  composi t ions were i d e n t i f i e d .  Addl-  
t l o n a l l y  t h e  heats  o f  f u s i o n  o f  severa l  b l n a r y  and t e r n a r y  e u t e c t i c s  and con- 
g r u e n t l y  m e l t i n g  I n t e r m e d i a t e  compounds were measured by d i f f e r e n t i a l  scanning 

cc: c a l o r i m e t r y .  The e x t e n t  o f  c o r r o s i o n  o f  va r ious  me ta l s  by f l u o r i d e  m e l t s  was 
m es t ima ted  f rom thermodynamic cons ide ra t i ons ,  and e q u i l i b r i u m  c o n d i t i o n s  i n s i d e  
w a containment vessel  were c a l c u l a t e d  as f u n c t i o n s  o f  t h e  i n i t i a l  m o i s t u r e  con- 
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t e n t  o f  t h e  s a l t  and f r e e  volume above t h e  mo l ten  s a l t .  P r e l i m i n a r y  e x p e r i -  
menta l  da ta  on t h e  c o r r o s i o n  o f  commercial, h lqh - tempera tu re  a l l o y s  i n  
LiF-19.5CaF2 and NaF-27CaF2-36MgF2 m e l t s  a r e  presented and compared t o  t h e  
thermodynamic p r e d i c t i o n s .  

INTRODUCTION 

L a t e n t  heat  o f  f u s i o n  phase change m a t e r i a l s  a r e  b e i n g  cons ide red  f o r  h e a t  
s t o r a g e  i n  advanced s o l a r  dynamic space power systems. In o r d e r  t o  keep t h e  
t o t a l  weight  o f  t h e  space power system t o  a minimum, t h e  phase change m a t e r i a l  
must have a h i g h  heat  o f  f u s i o n  per u n i t  mass. I t  i s  a n t i c i p a t e d  t h a t  heats  
o f  f u s i o n  g r e a t e r  t han  0.4 kJ/g would be needed. A l s o  t o  m i n i m i z e  t h e  w e i g h t  
o f  t h e  c o n t a i n e r  m a t e r i a l ,  use o f  a phase change m a t e r i a l  w i t h  a h i g h  h e a t  o f  
f u s i o n  per  u n i t  m e l t  volume would be d e s i r a b l e .  F i n a l l y  as c u r r e n t  e f f o r t s  a r e  
b e i n g  focussed on B ray ton  and S t l r l i n g  c y c l e  heat  engines w i t h  o p e r a t i n g  tem- 
p e r a t u r e s  I n  t h e  range o f  973 t o  1400 K ( r e f .  1 ) ,  t h e  m e l t i n g  p o i n t  o f  t h e  
phase change m a t e r i a l  must l i e  w l t h l n  t h i s  temperature range. 

There a r e  o n l y  a few ino rgan ic  f l u o r i d e  s a l t s ,  i . e . ,  NaF, KF, and LIF,  
wh ich  meet t h e  m e l t i n g  p o i n t  and hea t  o f  f u s i o n  requi rements.  These f l u o r l d e s  
can be used o n l y  I f  t h e  opera t i ng  temperature o f  t h e  heat  engine i s  compa t lb le  
w i t h  t h e i r  m e l t i n g  p o l n t s ;  t h i s  c o n d i t i o n  pu ts  severe r e s t r l c t i o n s  on t h e  
c h o i c e  o f  t h e  o p e r a t l n g  temperature f o r  t h e  heat  engine.  However, t h i s  l i m l -  
t a t i o n  can be removed I f  f l u o r i d e  based e u t e c t i c  m i x t u r e s  and/or c o n g r u e n t l y  
m e l t i n g  i n t e r m e d i a t e  compounds are considered.  U n f o r t u n a t e l y  l i t t l e ,  o t h e r  
t h a n  composi t ions and m e l t i n g  po in ts ,  i s  known about such systems, and i n  many 
cases t h e  p u b l i s h e d  phase diagrams a r e  o f  q u e s t i o n a b l e  accuracy because t h e  
d a t a  determined by d i f f e r e n t  authors a r e  o f t e n  i n  poor  agreement. I n  a d d i t i o n  
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t o  the need for reliable thermochemlcal and thermophysical data, compatiblllty 
o f  the multicomponent fluoride salt systems with posslble materials of con- 
struction must be studied to select a suitable containment vessel material. 

This report describes the results of our studles on (1) characterization 
of multicomponent fluoride salt mixtures, and (2) corrosion of commercial, high- 
temperature alloys in several fluoride melts. 
compositions for many systems with published phase diagrams were experimentally 
verified, and new eutectIc cornpositions with melting po'lnts between 973 and 
1400 K were identlfied. The heats of fusion of several binary and ternary 
eutectics and congruently melting intermediate compounds were experimentally 
measured by differentlal scanning calorimetry. Additionally thermodynamic cal- 
culations have been made to determine the probable extent o f  corrosion of 
metals in fluoride melts with and without the moisture In the system. Prellmi- 
nary results on the corrosion of commercial, high-temperature alloys in fluor- 
ide melts will also be presented. 

The melting points and eutectic 

THERMAL ANALYSIS AND HEAl OF FUSION MEASUREMENTS 

Experimental Procedure 

Melting points and heats of fusion of salt mixtures were measured in a 
Perkins Elmer D T A  1700 instrument. Heat of fusion measurements were made by 
utilizing the instrument In the differentlal scanning calorimetry ( D S C )  mode. 
A detailed discussion of the salt purificatlon steps and exact experimental 
procedures are reported elsewhere (ref. 2). 

Systems With Published Phase Diagrams 

Table I glves a summary of heat of fusion and melting point measurements 
for eutecttc compositions and congruently melting intermediate compounds for 
salt systems with known phase diagrams. This table also contains the melting 
points and heats of fusion of pure fluoride salts for comparison. With the 
exception of eutectic compositions in the LIF-MgF2 and KF-MgF2 systems and 
the congruently melting intermediate compound NaMgF3 in NaF-MgF2, there was 
close agreement (within 5 K )  between the measured and published melting points. 
The melting temperature for the intermediate compound NaMgF3 was found to be 
8 K lower than that of Bergman et al. (ref. 7), and the melting point for 
KF-15MgF2 was 12 K higher than the published data of DeVries and Roy (ref. 8). 

There appears to be considerable uncertainty in the published LiF-MgF2 
phase diagram. Bergman and Dergunov (ref. 7) investigated this system and 
found a complete series of solid solutions between LIF and MgF2 with a mini- 
mum melting point at about 33 mol % MgF2. 
et al. (ref. 9 )  show extensive solld solubllity on each side o f  the phase dia- 
gram with an eutectic at 36 mol % MgF2, although the existence of the 
eutectic was not conclusively established. Limited thermal analysis experi- 
ments by Roake (ref. 10) suggest the presence of an eutectic with a melting 
temperature of 997 K; unfortunately Roake's study was limited to only 15,  40, 
and 50 mol % MgF2, and the exact eutectic composition was not determined. 
Because of poor agreement among the investigators of the LiF-MgF2 system, we 
have conducted in-depth thermal analysis experiments for LIF-MgF2 mixtures 
in the range of 0 to 50 mol X MgF2. The thermal analysis data, shown in 

lhe phase diagram data of Counts 
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t a b l e  11, i n d i c a t e  an e u t e c t i c  a t  about 30 mol X MgF2 and w i t h  a m e l t i n g  
temperature o f  1001 K.  

Among t h e  s a l t  systems w i t h  p u b l i s h e d  phase diagrams, t h e r e  a r e  o n l y  a few 
s a l t  m i x t u r e s  w i t h  ve ry  h i g h  heat o f  f u s i o n  per  u n i t  mass: 
0.82 kJ/g, NaF-60MgF2 a t  0.71 kJ/g, KF-69MgF2 a t  0.77 kJ /y  and KMgFg a t  
0.71 kJ/g.  
h i g h  hea t  o f  f u s i o n  pe r  u n i t  l i q u i d  volume. 
be a s u i t a b l e  cand ida te  i f  h i g h  heat o f  f u s i o n  pe r  u n i t  l i q u i d  volume i s  
r e q u i r e d ,  even though i t  has a r e l a t i v e l y  low h e a t  o f  f u s i o n  pe r  u n i t  mass 
(0.5 kJ /g ) .  Th i s  i s  due t o  the h ighe r  l i q u i d  d e n s i t y  (-4.63 g/cm3) f o r  CeF3 
( r e f .  6 )  as compared t o  t h e  a l k a l i  f l u o r i d e  m e l t s  (-1.8 and -1.8 g/cm3 f o r  L i F  
and NaF m e l t s  r e s p e c t i v e l y )  ( r e f .  5). 

LiF-19.5CaF2 a t  

As shown i n  t a b l e  I ,  a l l  t h e  above s a l t s  a r e  a l s o  l i k e l y  t o  have 
A d d i t i o n a l l y  LiF-20CeF3 seems t o  

I d e n t i f i c a t i o n  o f  New E u t e c t i c  Composi t ions 

Since L i F  has a ve ry  h i g h  heat o f  f u s i o n  pe r  u n i t  mass (1 .08  k J / g ) ,  i t  i s  
a n t i c i p a t e d  t h a t  an e u t e c t i c  between L i F  and ano the r  compound would a l s o  have 
a reasonably  h i g h  heat  of f u s l o n  per  u n i t  mass p r o v i d e d  t h e r e  i s  no e x t e n s i v e  
s o l i d  s o l u t i o n  between t h e  two. The hea t  of f u s i o n  measurements ( t a b l e  I )  show 
t h a t  t h e  i n t e r m e d i a t e  compounds NaMgF3 and KMgF3 have ve ry  h i g h  h e a t  o f  f u s i o n  
per  u n i t  mass (0.67 and 0.71 kJ/g, r e s p e c t i v e l y ) ;  t h e r e f o r e ,  examina t ion  o f  m i x -  
t u r e s  o f  these i n t e r m e d i a t e  compounds and L i F  c o u l d  r e v e a l  u s e f u l  phase change 
s a l t s .  To l d e n t l t y  p o s s l b i e  e u t e c t l c  composi t ions i n  these  systems, t h e  p a r -  
t i a l  phase diagrams f o r  t h e  t w o  quas i -b ina ry  systems have been determined by 
d i f f e r e n t i a l  thermal  a n a l y s i s .  As can be seen i n  f i g u r e s  1 and 2 b o t h  
LiF-NaMgF3 and LiF-KMgF3 have e u t e c t i c s  w i t h  ex t reme ly  l ? m i t e d  o r  no s o l i d  s o l -  
u b i l i t y  w i t h i n  t h e  compos i t i on  ranges i n v e s t i g a t e d .  

MgF2 a l s o  has a ve ry  h i g h  heat o f  f u s i o n  pe r  u n i t  mass and a h i g h  m e l t i n g  
p o i n t ;  t h e r e f o r e  i t  i s  o f  i n t e r e s t  t o  i d e n t i f y  p o t e n t i a l  MgF2-base systems, 
p a r t i c u l a r l y ,  f o r  h i g h e r  temperature (1300 t o  1400 K )  a p p l i c a t i o n s .  The p a r -  
t i a l  phase d iagram f o r  one MgF2-base system, MgF2-CeF3, has been determined, 
and i t  has an e u t e c t i c  a t  1393 K w i t h  no s o l i d  s o l u t i o n s  ( f i g .  3 ) .  

Table 111 l l s t s  t h e  m e l t i n g  p o i n t s  and heats  o f  f u s i o n  f o r  t h e  t h r e e  newly 
i d e n t i f i e d  e u t e c t i c  composi t ions.  The e u t e c t i c  f o r  t h e  q u a s i - b i n a r y  LiF-KMgF3 
system has a ve ry  h i g h  heat  o f  f u s i o n  per  u n i t  mass (0.86 kJ /g )  and thus  would 
be a t t r a c t i v e  f o r  space power a p p l i c a t i o n s .  Even though i t  has a l ow  heat  o f  
f u s i o n  per u n i t  mass, t h e  MgF2-CeF3 e u t e c t i c  m i g h t  be a t t r a c t i v e  on a v o l -  
ume b a s i s .  

Problem o f  Undercool i ng 

Undercool ing was observed i n  many systems, and t a b l e  I V  shows t h e  e x t e n t  
Because o f  c o n s i d e r a b l e  s c a t t e r  i n  u n d e r c o o l i n g  f o r  pu re  s a l t s  and m i x t u r e s .  

f o r  d i f f e r e n t  runs o f  t h e  same sample, a range o f  va lues f o r  t h e  e x t e n t  o f  
u n d e r c o o l i n g  i s  shown i n  t a b l e  I V .  
sma l l  sample s i z e s  and h i g h  p u r i t y  m a t e r i a l s  n o r m a l l y  used i n  t h e  thermal  a n a l -  
y s i s  exper iments.  S ince smal l ,  h i g h  p u r i t y  samples tend t o  undercool  more than  
l a r g e ,  l e s s  pu re  m a t e r i a l s ,  t h e  degree o f  u n d e r c o o l i n g  i s  expected t o  be lower  
i n  a c t u a l  s e r v i c e  c o n d i t i o n s .  Thus f o r  many s a l t  systems where t h e  undercool -  
i n g  I s  20 K o r  l e s s ,  t h e r e  might  n o t  be any p r a c t i c a l  problems. However when 

The r e p o r t e d  undercoo l i ngs  a r e  f o r  ve ry  
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t he  i n t e r m e d i a t e  compound NaMgF3 was formed, t h e  u n d e r c c o l i n g  was c o n s i d e r a b l e  
(>30  K), and I t  could be a s e r i o u s  problem I n  a c t u a l  s e r v i c e  c o n d i t i o n s  i f  
NaF MgF2-based systems a r e  used. 

1HERMODYNAMlC C O N S l D E R A l I O N S  F O R  C O R R O S I O N  OF METALS I N  THERMAL 
ENERGY S l O R A G E  SYSTEMS 

A schematic of a thermal energy s a l t  c o n t a i n e r  i s  shown i n  f i g u r e  4. I t  
has been p a r t i a l l y  f i l l e d  and then sealed by we ld ing  i n  e i t h e r  an i n e r t  atmo- 
sphere o r  a vacuum. 
f l u i d ,  which d u r i n g  the s u n l i t  p o r t i o n  of each o rb1  (abou t  1 h r )  p r o v i d e s  t h e  
energy t o  m e l t  t h e  s a l t .  The heat  s t o r e d  i n  t h e  phase change m a t e r i a l  i s  t hen  
e x t r a c t e d  by t h e  same heat  t r a n s f e r  f l u i d  d u r i n g  t h e  e c l i p s e  p o r t i o n  o f  each 
o r b i t  (-1/2 h r ) ,  as the s a l t  s o l i d i f i e s .  S ince t h e  atmosphere above t h e  s a l t  
i s  i n i t i a l l y  i n e r t ,  t h e  p r imary  mode o f  a t t a c k  i s  expected t o  be d i r e c t  reac-  
t l o n  o f  t h e  me ta l s  w i t h  the s a l t  m e l t .  However, a d d i t i o n a l  modes o f  degrada- 
t i o n  cou ld  be i n t roduced  i f  t h e  s a l t  c o n t a i n s  i m p u r i t i e s  such as w a t e r .  I n  t h e  
f o l l o w i n g ,  thermodynamic c a l c u l a t i o n s  a r e  presented t o  d e f i n e  t h e  e q u i l i b r i u m  
c o n d i t i o n s  f o r  p o s s i b l e  c o r r o s i o n  r e a c t i o n s .  For a g l v e n  s e t  o f  c o n d i t i o n s ,  
t h e  e q u i l i b r i u m  s t a t e  rep resen ts  t h e  maximum e x t e n t  o f  c c r r o s i o n ;  t h e r e f o r e  i t  
would p l a y  an impor tan t  r o l e  i n  assess ing t h e  l ong - te rm l i f e  o f  a conta inment  
m a t e r i a l .  

The s a l t - f i l l e d  c o n t a i n e r  i s  p laced  i n  a hea t  t r a n s f e r  

Methodology o f  C a l c u l a t i o n s  

The e q u i l i b r i u m  c a l c u l a t i o n s  were performed between 1000 and 1300 K by 
u t i l i z i n g  t h e  concept o f  " e x t e n t  o f  r e a c t i o n "  ( r e f s .  11 and 12)  and f o r  one 
mole o f  s a l t  i n  the c o n t a i n e r .  Fo r  temperatures below t h e  m e l t i n g  p o i n t s  o f  
t h e  s a l t s ,  t h e  Gibbs s tandard f r e e  energy f o r  l i q u l d  f l u o r i d e s  were computed 
by s tandard thermodynamic procedures ( r e f .  13) u t i l i z i n g  t h e  h e a t  o f  f u s i o n  
da ta  a t  t h e  m e l t i n g  p o i n t  and t h e  heat  c a p a c i t y  as a f u n c t i o n  o f  temperature 
f o r  b o t h  t h e  l i q u l d  and s o l i d  s t a t e s .  Wherever p o s s i b l e  t h e  thermodynamic da ta  
were taken f r o m  Bar in  and Knacke's c o m p i l a t l o n s  ( r e f .  3 ) ;  however t h e  thermo- 
dynamic p r o p e r t i e s  f o r  seve ra l  l i q u i d  f l u o r i d e s  ( i . e . ,  CrF2, CrF3, NiF2, FeF2, 
and CoF2) a r e  n o t  known and had t o  be est imated.  
t h e  c a l c u l a t i o n s  are g i ven ;  t h e  d e t a i l e d  d e s c r i p t i o n s  a r e  elsewhere ( r e f .  1 4 ) .  

Whi le  t h e  main f e a t u r e s  o f  

Reac t ion  o f  Fe, N1, Co, C r ,  and A1 w l t h  F l u o r i d e  M e l t s  I n  an 
I n e r t  Atmosphere 

I n  t h e  absence o f  an o x i d i z i n g  atmosphere, c o r r o s i o n  o f  a p u r e  me ta l  Me 
(Me = Fe, N i ,  Co, Cr, o r  A l )  I n  an a l k a l i  f l u o r i d e  (MF,  M = L i ,  Na, o r  K) m e l t  
would occur by t h e  r e a c t i o n  

x Me(s) + y MF(1) = MexFy( l )  t y M ( l )  ( 1 )  -- 
where t h e  u n d e r l i n i n g  denotes t h a t  t h e  species a r e  p r e s e n t  a t  reduced a c t i v i t y .  
For N i ,  Co, Fe, and C r  t h e  r e l e v a n t  MexFy compounds a r e  NiF2, CoF2, FeF2, 
CrFz/CrF3, r e s p e c t i v e l y .  A l though t h e  r e a c t i o n  o f  A1 w i t h  MF would r e s u l t  I n  
f o r m a t l o n  o f  A1F3, t h e  heat  o f  m i x i n g  d a t a  f o r  MF-A1F m e l t s  ( r e f .  15)  suggest 

t h e  e x i s t e n c e  o f  complex species A1F:- which i s  e q u i v a l e n t  t o  t h e  f o r m a t i o n  o f  
3 
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M3AIF6 by the reaction of  MF and AlF3. 
MF melts can be written as 

Iherefore the reaction of A1 with the 

6 MF(1) t Al(S) = M3AlF6(1) + 3 M(1) (2) 

The equilibrium content of MexFy (for Ni, Co, Fe, Cr) and M3A1F6 in the 
melt determines the maximum extent of corrosion, and the purpose of thermo- 
dynamic calculations is to estimate these concentrations. 

Figure 5 shows the calculated equilibrium concentratjons of various metal 
fluorides in alkali fluoride melts at 1100 K for corrosion of the pure metals 
under an inert atmosphere where Ideal solution behavior was assumed for the 
melt. In all three systems the tendency for metals to corrode increases in the 
order: N1, Co, Fe, Cr, Al. The equilibrium concentration of M3A1F6 in the 
molten salts Is so high that alloys containing significant amounts of A1 are 
expected to suffer severe corrosion. Even though these calculations were per- 
formed for unit activity, the same concluslon would still hold when A1 is pre- 
sent at a reduced activity. 
(the strengthenlng phase In Ni-base superalloys) to be cn the order of 10-5 
(ref. 16). the equilibrium concentrations for A1 i n  L I F  and NaF melts at 1100 K 
would be 41 and 7360 mol ppm, respectively. Although these A1 concentrations 
are lower than those for unit activity, they are suffic'ient to cause major cor- 
rosion of Al-containing alloys. 

For example, taking the activity of A1 I n  Ni3Al 

From figure 5 it can be seen that LIF is the least corrosive salt while 
NaF and WF a rc  z h n ~ t  q u a l  !n t h p j r  a t t a r k .  The equilibrtum concentration of 
Ni, Co, Fe, and Cr fluorides i n  a LIF melt are quite small (<<1 mol ppm); thus 
alloys containing these elements are expected to be corrosion resistant. Ni, 
Fe, and Co are also anticipated to be free from damage i n  NaF and KF melts; on 
the other hand, alloys containing Cr might be corroded by these two melts 
because of higher solubility of Cr in the form of CrF2 (for example, 
12 mol ppm for CrF2 as compared to approximately 0.1 mol ppm for FeF2). It 
appears that the formation of CrF3 is not important for corrosion of Cr due to 
Its much lower solubility (about 2 orders of magnitude lower than that as 
CrF2). 

The equilibrium concentratlons of different metal fluorides in figure 5 
were calculated under the assumption of ideal solution behavior in the melt, 
that i s ,  the activity coefflcient ( y )  of MexFy in the melt was assumed to 
be unity. 
melts have not been measured; I n  systems for which phase diagrams are avail- 
able, they can be estimated from an analysis of the phase diagrams (ref. 17) 
and are shown in table V .  As the actlvity coefficients are considerably less 
than unity, a strong negative interaction seems to exist in all the MF-Me,Fy 
type melts. In view of the estimates i n  table V ,  the activity coefficient of 
MexFy for systems without phase diagrams (all LiF-MexFy systems and NaF-CrF2) 
will be assumed to be 0.001 in the following equilibrium calculations. 

Although activity coefficients for MexFy in alkali fluoride 

The effect of the nonideallty and temperature on the equilibrium concen- 
tration of MexFy in a L I F  melt i s  shown in figure 6. Compared to the ideal 
solution behavior (fig. 5), there Is an order of magnitude increase in the con- 
centration of MexF at 1100 K; even with such an increase, the equilibrium 
concentration of NYF2 I s  still less than 0.01 mol ppm. 
1200 K temperature range shown in thls figure, the amounts of MexFy in the 
molten salts would increase about one order of magnitud2. It i s  anticipated 

Over the 1000 to 
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t h a t  t h e  c o r r o s i o n  o f  Fe and N i  would be min imal  because o f  t h e  low concentra-  
t i o n s  o f  FeF2 and N I F 2 ;  on t h e  o t h e r  hand, t h e  e q u i l i b r i u m  c o n c e n t r a t i o n  o f  
CrF2 a t  1200 K (14  mol ppm) i s  p robab ly  s u f f i c i e n t  t o  cagse some a t t a c k  o f  C r  
c o n t a i n i n g  a l l o y s  a t  t h i s  temperature.  

F i g u r e  7 shows t h e  e q u i l i b r i u m  MexFy c o n c e n t r a t i o n s  between 1100 and 
1300 K i n  a NaF mel t  u t i l i z i n g  t h e  es t ima ted  a c t i v i t y  c o e f f i c i e n t s  f o r  MexF 
S ince  t h e  e q u i l i b r i u m  c o n c e n t r a t i o n  o f  NiF2 i s  ve ry  low, N i  i s  expected t o  ge 
c o r r o s i o n  r e s i s t a n t .  On t h e  o t h e r  hand, Fe w i l l  p r o b a b l y  s u f f e r  f r o m  s i g n i f l -  
c a n t  c o r r o s i o n ,  p a r t i c u l a r l y  a t  h i g h e r  temperatures,  as t h e  f i n a l  concentra-  
t i o n s  o f  FeF2 i n  a NaF m e l t  a t  1200 and 1300 K were es t ima ted  t o  be 25 and 
73  mol ppm, r e s p e c t i v e l y .  A d d i t i o n a l l y  t h e  e q u i l i b r i u m  c o n c e n t r a t i o n s  o f  CrF2 
were computed t o  be 100 mol ppm f o r  1100 K and 900 mol ppm f o r  1300 K; t hus  
C r - c o n t a i n i n g  a l l o y s  m i g h t  n o t  be s u i t a b l e  f o r  NaF-conta in ing m e l t s .  

Cor ros ion  o f  a meta l  Me i n  MgF2 o r  CaF2 m e l t  can be w r i t t e n  as 

x Me(s) t y AFz(1) = MexFy( l )  t y A ( l )  ( 3 )  

where A represents  e i t h e r  Ca o r  Mg. C a l c u l a t i o n  o f  t h e  e q u i l l b r i u m  concen- 
t r a t i o n  o f  NIF2 and CrF2 I n  a h y p o t h e t i c a l  MgF2 m e l t  a t  1100 K w i t h  t h e  
assumption o f  i d e a l  s o l u t i o n  behav io r  i n  t h e  m e l t  y i e l d s  1 . 9 ~ 1 0 - 5  mol ppm f o r  
NlF2 and 0.08 mol ppm f o r  CrF2. These va lues a r e  t h r e e  o r d e r s  o f  magnitude 
lower than  those determined f o r  c o r r o s i o n  i n  a NaF m e l t  a t  1100 K ( f i g .  5 ) .  
Due t o  t h e  g r e a t e r  thermodynamic s t a b i l i t y  o f  CaF2, t h e  e x t e n t  of c o r r o s l o n  i n  
a CaF2 m e l t  should even be lower  than  t h a t  i n  t h e  MgF2. 

React ion o f  R e f r a c t o r y  Meta ls  Nb, Mo, W W i th  F l u o r i d e  M e l t s  Under an 
I n e r t  Atmosphere 

There a r e  no known condensed Nb, Mo, o r  W f l u o r i d e s  between 1000 and 
1400 K; i n s t e a d  gaseous r e f r a c t o r y  f l u o r i d e s  a r e  t h e  s t a b l e  phases. Conse- 
q u e n t l y ,  t h e  r e a c t l o n  o f  a r e f r a c t o r y  me ta l  Me (Me = Nb, Ho, o r  W) w i t h  an 
a l k a l i  f l u o r i d e  MF can be w r i t t e n  as 

x Me(s) t y MF(1) = MexFy(g) t y M(1) ( 4 )  

S ince  a gas phase i s  I n v o l v e d  i n  equa t ion  ( 4 ) ,  f o r  a c l o s e d  system t h e  e x t e n t  
o f  t h e  r e a c t i o n  would be a f u n c t i o n  o f  t h e  empty space a v a i l a b l e  i n s i d e  a con- 
t a l n e r .  The re fo re  a l l  t h e  c a l c u l a t i o n s  were performed as a f u n c t i o n  o f  a 
d imension less v a r l a b l e  L which I s  d e f i n e d  as t h e  r a t i o  o f  t h e  c o n t a i n e r  v o l -  
ume t o  t h e  molar volume o f  t h e  s a l t  m e l t .  Table V I  shows t h e  amount o f  gaseous 
r e f r a c t o r y  meta l  formed per  mole o f  NaF. The e x t e n t  o f  r e a c t i o n  i s  q u i t e  smal l  
(<lO-7 mol of metal consumed per  mole o f  t h e  s a l t )  f o r  a l l  t h e  r e f r a c t o r y  
me ta l s ;  t h e r e f o r e  no s i g n i f i c a n t  c o r r o s i o n  o f  r e f r a c t o r y  me ta l s  i n  NaF 1 s  
expected. Whi le  c o r r o s i o n  i n  KF w i l l  be ve ry  s i m i l a r  t o  t h a t  i n  NaF m e l t s ,  due 
t o  t h e  g r e a t e r  thermodynamic s t a b i l i t y  o f  L iF ,  r e f r a c t o r y  me ta l s  should be even 
l e s s  prone t o  a t t a c k  I n  L IF  than  I n  NaF o r  KF. 
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Role of M o i s t u r e  i n  Cor ros ion  

Water i s  a common i m p u r i t y  i n  t h e  h a l i d e  s a l t s ,  and i t  has proven d i f f i -  
c u l t  t o  remove f rom f l u o r i d e s  ( r e f .  1 8 ) .  U n f o r t u n a t e l y ,  t h e  r e a c t i o n  o f  a l k a l i  
f l u o r i d e s  w i t h  m o i s t u r e  generates gaseous HF by 

P a r t  o f  t h e  HF gas w i l l  then d i s s o l v e  i n  t h e  m e l t  by t h e  r e a c t i o n  

HF(g) = HF(1) (7) 

l h e  s imultaneous e q u i l i b r i a  and mass balance c o n s t r a j n t s  f o r  r e a c t i o n s  
(eqs.  ( 5 )  t o  ( 7 ) )  were used t o  determine t h e  p a r t i a l  p ressu res  o f  HF and H20 
(PHF and PHO) above t h e  m e l t ,  the t o t a l  p ressu re  i n  t h e  c o n t a i n e r  (Pi), and 
mole f r a c t i o n  o f  d i s s o l v e d  HF i n  t h e  m e l t  (XHF M ) )  as f u n c t i o n s  o f  t h e  i n i t i a l  
m o i s t u r e  con ten t  I n  t h e  s a l t  and L r a t i o s .  6 e s u l t s  o f  t hese  c a l c u l a t i o n s  f o r  
NaF m e l t s  a t  1100 K and an i n i t i a l  t o t a l  p ressu re  o f  0.001 atm a r e  shown I n  
f i g u r e s  8 and 9 .  The gas pressures generated i n s i d e  t h e  c o n t a i n e r  a r e  s t r o n g l y  
dependent on t h e  i n i t i a l  mo is tu re  c o n t e n t  i r r e s p e c t j v e  o f  t h e  f r e e  volume. On 
t h e  o t h e r  hand L i s  o n l y  an impor tan t  v a r i a b l e  when m o i s t u r e  l e v e l s  exceed 
100 ppm. From f i g u r e  8 ( d )  i t  i s  c l e a r  t h a t  pressures g r e a t e r  t han  1 atm can 
be generated t o r  h i g h  water  contents  and sma l l  volumes. WHile such pressures 
c o u l d  l e a d  t o  mechanical  f a i l u r e  o f  t h e  containment vesse l ,  t h e y  would n o t  be 
generated i f  t h e  i n i t i a l  mo is tu re  l e v e l s  a r e  c o n t r o l l e d  t o  -100 mol ppm o r  
l e s s .  

I n  a d d i t i o n  t o  p r e s s u r i z i n g  t h e  containment vessel ,  t h e  presence o f  mois- 
t u r e  i n  t h e  s a l t  generates HF. Thus c o r r o s i o n  would t a k e  p l a c e  b o t h  i n  t h e  
m e l t ,  as a ided  by t h e  d i s s o l v e d  HF, and i n  t h e  f r e e  volume v i a  a t t a c k  f r o m  
gaseous water  and hydrogen f l u o r i d e .  F i g u r e  9 i l l u s t r a t e s  t h a t  t h e  concentra-  
t i o n  o f  d i s s o l v e d  HF f o r  100 mol ppm o f  I n i t i a l  m o i s t u r e  i n  t h e  s a l t  i s  on t h e  
o r d e r  o f  10-4 mol per  mole o f  NaF. I f  d i s s o l v e d  HF r e a c t s  w i t h  t h e  me ta l  con- 
ta inment  vessel ,  s e r i o u s  c o r r o s i o n  problems cou ld  be a n t i c i p a t e d .  Furthermore, 
g e n e r a t i o n  o f  H2 gas by t h e  c o r r o s i o n  r e a c t i o n  

x H e  t y H F  = M e F  +:H2 
X Y  

w i l l  i n c r e a s e  t h e  t o t a l  pressure i n s i d e  t h e  c o n t a i n e r .  Thermodynamic c a l c u l a -  
t i o n s  f o r  L equal  t o  1.1 and w i t h  t h e  assumption t h a t  a l l  t h e  d i s s o l v e d  HF 
r e a c t s  t o  f o r m  H2 gas demonstrate ( f i g .  10) t h a t  t h e  t o t a l  p ressu re  i n s i d e  t h e  
c o n t a i n e r  w i l l  exceed 1 atm a t  a lower  i n i t i a l  m o i s t u r e  c o n t e n t  (-40 mol ppm) 
compared t o  t h e  case where t h e r e  i s  no r e a c t i o n  between d i s s o l v e d  HF and t h e  
c o n t a i n e r  m a t e r i a l  (-250 mol pprn). 

From t h e  thermodynamic a n a l y s i s  i t  i s  c l e a r  t h a t  t h e  m o i s t u r e  c o n t e n t  i n  
NaF-based s a l t s  should be reduced t o  l ow  l e v e l s ,  p robab ly  10 mol ppm o r  l e s s ,  
f o r  pro longed c o n t a i n e r  l i f e .  A s i m i l a r  c o n c l u s i o n  can a l s o  be made L i F -  and 
KF-based s a l t  systems. 
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CORROSION €XP€RIMtNTS 

As part of the work in support of an advanced solar dynamic power system, 
corrosion studies in potential fluoride energy storage salts are being under- 
taken. Because of the large body of fabrication, joining and mechanical and 
physical property information which will eventually be required to build a heat 
receiver/storage unit, this effort is basically being limtted to commercially 
available, high temperature sheet alloys; although in view of forementioned 
thermodynamic factors, such alloys which generally contain A1 and/or Cr for 
oxidation resistance are probably not the best choice. 

In brief about 30 Co-, Fe-, Ni-base and refractory alloys (table V I I )  have 
been exposed to several eutectic salt mixtures (LiF-19.5CaF2 which melts at 
1039 K and NaF-27CaF2-36MgF2 which melts at 1178 K )  at 
is the eutectic melting point. Each experiment involved a metallic specimen in 
contact with molten salt in a sealed, evacuated quartz capsule and/or open 
a!umina crucible under an argon atmosphere for times ranging from 50 to 500 hr. 
Because residual water in the salt was deemed to be detrimental, the salts were 
heated under vacuum prior to sealing (Si02 capsule) or introduction of the 
argon (A1203 crucible) to drive off excess H20. 
exposure, the alloy samples were examined for evidence o f  corrosion by metal- 
lographic techniques. 

TM t 25 K where TM 

Upon completion of the 

Typical photomicrographs illustrating the types o f  microstructural damage 
are presented in figure 11. The least noxious is a general attack consisting 
of small, isolated near surface pores (fig.ll(a); however it is apparent that 
general attack can produce interconnected porosity which becomes infiltrated 
with salt and leads to the stripping away of layers of metal (fig. ll(b)). 
Intergranular corrosion, as shown in figure ll(c), is usually a more severe 
form o f  damage with deep penetration into the alloy. Lastly metals which are 
heavily corroded exhibit both general and intergranular effects (fig. ll(d)). 
In any case as the proposed life for the advanced solar dynamic system is 
7 years or more, any signs of attack, either general or jntergranular, would 
severely limit the usefulness of the alloy. 

Because it was noted in other work (ref. 19) that the salts attacked the 
quartz capsules during the corrosion exposures, there was concern that the 
reactions among fluorides and Si02 biased the results. 
which compares the depth of corrosive attack for several alloys exposed to 
NaF-27CaF2-36MgF2 In quartz capsules and alumina crucibles, reveals that the 
behavior and ranking Is slmllar for both experimental techniques. However the 
extent of internal penetration is much greater for the alloys sealed in quartz, 
and it is most likely due to the combined effects of H2 and Si02 reacting 
with the fluorides to form Si02 compounds. 
presence of quartz by itself does not greatly affect the degree of attack in 
NaF-27CaF2-36MgF2 Is presented in table VIII. In this case there is generally 
no dlfference (for example 304, 347, and Hastelloy-X) or very little deviation 
(310,  316 mlld steel, Hastelloy-N, "I, and Ta) between the microstructural dam- 
age found in test samples after 100 hr exposures in the molten eutectic adul- 
terated or not adulterated with Si02. 

The data in figure 12, 

Additionally evidence that the 

A listing of the depth of both general and intergranular corrosive attack 
for the tests conducted in alumina crucibles is given in table VIII. It should 
be noted that most of the LiF-19.5CaF2 leaked out o f  the A1203 crucibles during 
the 500 hr heat treatments: however as the degree of corrosion for these tests 



scales w i t h  t h e  100 h r  r e s u l t s  (no l o s s  o f  s a l t  observed),  t h e  l o n g  t e r m  d a t a  
i s  p robab ly  v a l i d .  S ince t h e  a l l o y i n g  elements i n  t h e  h igh - tempera tu re  mate- 
r i a l s  do n o t  va ry  i n  a systemat ic manner, i t  i s  d i f f i c u l t  t o  make o v e r a l l  
statements about behavior ,  and only one d i s t i n c t  t r e n d  was found. For Ni-base 
a l l o y s  immersed i n  t h e  mo l ten  LiF-19.5CaF2 e u t e c t i c ,  t h e  e x t e n t  o f  a t t a c k  
g e n e r a l l y  i nc reased  w i t h  C r  content  ( f i g .  13 ) .  A s i m i l a r  dependency was n o t  
observed i n  t h e  C r  c o n t a i n i n g  Fe-base a l l o y s  where t h e  depth o f  c o r r o s i o n  f o r  
such a l l o y s ,  which have between 16 and 27 pe rcen t  C r ,  was about 40 and 150 pm 
a f t e r  100 and 500 h r  hea t  t reatments r e s p e c t i v e l y .  A d d l t i o n a l l y  t h e  Co-based 
m a t e r i a l s  were corroded by t h e  LiF-19.5CaF2 m i x t u r e  w i t h  damage e x t e n d i n g  t o  
-100 pm a f t e r  500 h r  o f  exposure. Based on t h e  p r e s e n t  r e s u l t s  f o r  t h e  non- 
r e f r a c t o r y  m a t e r i a l s ,  o n l y  pure N i  appears t o  have s u f f i c i e n t  c o r r o s i o n  r e s i s t -  
ance f o r  l o n g  t e r m  use w i t h  LiF-19.5CaF2. The a l l o y  H a s t e l l o y  B ( c o n s i s t i n g  
o f  N i ,  Mo, and Fe) m igh t  a l s o  be s u i t a b l e  i n  t h i s  s a l t  m e l t .  

The da ta  f o r  specimens which had been sub jec ted  t o  NaF-27CaF2-36MgF2 
a t  1203 K ( t a b l e  V I I I )  f e l l  i n t o  t h r e e  groups: 

( 1 )  The pu re  me ta l s  Mo and W and t h e  a l l o y s  H a s t e l l o y  6 and Nb-1Zr appear 
t o  have undergone ve ry  l i t t l e ,  i f  any, a t t a c k .  

( 2 )  The f e r r i t i c  a l l o y  18 S/R, H a s t e l l o y  X, 800 and pu re  Ta e x h l b i t e d  dam- 
age zones o f  about 40 pm. 

( 3 )  A l l  t h e  remain ing Co-, Fe-, and Ni--base a l l o y s  exper ienced -10 pm deep 
c o r r o s i o n .  

I n  v iew o f  p rev ious  work w i t h  th ree  o t h e r  NaF-based e u t e c t i c s  ( r e f .  19 ) ,  i t  i s  
n o t  c l e a r  why t h e  Ni-base a l l o y s  H a s t e l l o y  X and 800 were more s e v e r e l y  
a t t a c k e d  than  t h e  o t h e r  n i c k e l - r i c h  m a t e r i a l s ,  o r  why pu re  N i  and Fe e x p e r i -  
enced some c o r r o s i o n .  

Whi le  t h e  thermodynamic c a l c u l a t i o n s  ( f i g .  6 )  i n d i c a t e d  t h a t  
C r - c o n t a i n i n g  a l l o y s  should n o t  be s u b j e c t  t o  a t t a c k  i n  LiF-based m e l t s ,  t h e  
d a t a  i n  t a b l e  VI11 and f i g u r e  13 show t h a t  t h i s  I s  n o t  t n e  case f o r  t h e  p r e s e n t  
exper iments I n  LiF-19.5CaF2. M o s t  l i k e l y  t h i s  behav io r  i s  a r e s u l t  o f  e i t h e r  
t h e  i n c l u d e d  m o i s t u r e  which was no t  removed by t h e  vacuum anneal  p r i o r  t o  t h e  
c o r r o s i o n  exposures o r  t h e  mois ture (-200 ppm) p r e s e n t  i n  t h e  argon gas; a d d i -  
t i o n a l l y  I t  i s  p o s s i b l e  t h a t  reac t i ons  between t h i s  e u t e c t i c  and a lumina c r u c i -  
b l e s  y i e l d e d  chemical  species which tended t o  i n c r e a s e  t h e  c o r r o s i v i t y  o f  t h e  
mo l ten  s a l t .  Comparison o f  t h e  da ta  f r o m  t h e  t e r n a r y  NaF system ( t a b l e  V L I I )  
w i t h  t h e  thermodynamlc p r e d l c t l o n s  ( f i g .  7 )  r e v e a l s  t h a t  t hey  a r e  b a s i c a l l y  i n  
agreement. The r e f r a c t o r y  metals Nb, Mo, and W and t h e  "I-Mo a l l o y  H a s t e l l o y  6 
were n o t  harmed, w h i l e  t h e  a l l o y s  w i t h  C r  exper ienced some m i c r o s t r u c t u r a l  
damage. 

SUMMARY OF RESULTS 

Mult icomponent f l u o r i d e  s a l t  m i x t u r e s ,  s u i t a b l e  f o r  use as l a t e n t  hea t  o f  
f u s i o n  hea t  s to rage  m a t e r i a l s  I n  advanced s o l a r  dynamic space power systems 
w i t h  o p e r a t i n g  temperatures I n  the range o f  973 t o  1400 K, were c h a r a c t e r i z e d  
v l a  thermodynamlc c a l c u l a t i o n s  and measurements and c o r r o s i o n  exper iments.  
Severa l  new e u t e c t i c  composi t ions were i d e n t i f i e d  i n  LiF-NaF-MgF2, LIF-KF-MgF2, 
and MgF-2-CeF3, and t h e  m e l t i n g  p o i n t s  and e u t e c t i c  composi t ions f o r  many o t h e r  
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e systems with published phase diagrams (for example LiF-19.5CaF2, 
etc.) were experimentally verified. 
ing for a number of binary and ternary eutectics and congruently 

lltlng intermediate compounds were established by differential scanning calo- 

The heats of fusion and extent 

rimetry and differential thermal analysis, and undercooling was found to be 
significant for systems which form NaMgF3. 

Thermodynamic calculations were undertaken to estimate the corroslvity of 
molten fluoride salts in the absence of water. Similar determinations in addi- 
tion to an evaluation o f  the internal pressure were made for sealed, salt 
filled containment vessels as functions o f  the initial moisture content and 
free volume above the melt. 
must be essentially free of all included H20 ( 4 0  mol ppm) to prevent attack of 
common alloys. 
of commercial, high-temperature alloys In LIF-19.5CaF2 at 1070 K and 
NaF-27CaF2-36MgF2 at 1203 K are given and compared to the thermodynamic 
predictions. 

Such analyses clearly Indicate that all fluorides 

The results of corrosion experiments involving a large number 

1. 

2. 

3 .  

4. 

5. 

6 .  

7 .  

8 .  
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TABLE I .  - SUMMARY OF MELTING P O I N T  AND HEAT OF 

FUSION MEASUREMENTS FOR FLUORIOES W I T H  

PUBLISHED PHASL DIAGRAMS 

Composit ion, 
mol  x 

L l  F-30MgF 

NaF- 22CaF2- 13MgF 

L l  F- 20CeF 

L1F-19.5CaF2 

KF-1 5CaF 

KF-1 5MgF2 

NaF-20MgF2-1 6KF 

NaF-32CaF2 

NaF-23MgF2 

L i  F 

KF 

NaF-40MgF2-20CaF2 

CaF2-50MgF2 

NaF-60MgF2 

NaF 

KF-69MgF 

NaMgF3 

KF-61 CaF2 

KCaF3 

KHgF 3 

MSF? 

M e l t i n g  
p o l  n t  , 

K 

1001 

1027 

1029 

1042 

1053 

1063 

1077 

1083 

1103 

1121 

1129 

1187 

1250 

1269 

1268 

1279 

1295 

1328 

1343 

1345 

1536 

Heat o f  
f u s i o n  
p e r  u n i t  

m a s s ,  
kJ /g  

0.52 

- 5 4  

.5 

.82 

.44 

* 52 

-65  

.6 

.63 

1.08 
a 

a 

.486 

.59 

.54 

.71 

.79 

- 7 7  

.67 

.45 

- 4 6  

.71 

a.93 

a 

Heat o f  
f u s i o n  p e r  
u n i t  volume 
o f  t h e  m e l t ,  

kJ/cm3 

1.07 C 

‘1.17 

bl .58 

bl .7 .. 
0.88 

‘1.03 

‘1.31 

bl .4 

‘1.3 

bl .96 

b0.93 

1.33 

1 

C 

‘1 .34 

‘1.48 

bl .54 

1.73 
C 

‘1.48 

‘1 .02 

‘1 .01 

‘1.52 

2.26b 

a0bta ined f rom B a r i n  and Knacke’s c o m p i l a t i o n s  
( r e f .  3 ) .  

b L i q u l d  d e n s i t y  e x t r a p o l a t e d  f r o m  p u b l i s h e d  d a t a  
( r e f s .  4 t o  6 ) .  

c L i q u i d  d e n s i t y  es t ima ted  by assuming ( 1 )  i d e a l  
s o l u t i o n  behav io r  and ( 2 )  t h e  mo la r  volume of  
each component a t  i t s  m e l t i n g  p o i n t  does n o t  
change w i t h  temperature.  



TABLE 11. - PARTIAL PHASfi D I A G R A M  DATA FOR 

THE LiF-MgF2 SYSTEM 

S o l i d u s  
temperature,  

K 
concent r a t i o n ,  

mol x 

~~ 

L i q u i d u s  
tempera tu re  

K 

5 
10 
15 
20 
25 
28 
30 
33 
35 
40 
50 

Composlt ion, 
mol  X 

M e l t i n g  
p o i n t ,  

1063 
1041 
1014 
1003 

a1 002 
a1 001 
a1 002 
a1 001 
a1 002 
a1 002 
a1 002 

L i F -  19NaF- 19MgF2 

( LlF-23NaMgF3) 

L 1 F- 1 3K F - 1 3MgF 

1103 
1088 
1063 
1043 
1020 
1001 
1002 

1073 
1143 
1253 

1003 

966 

1022 

aEu t ec t 1 c temperature.  

TABLE 111. - COMPOSITION, MELTING POINT, AND HEAT 

OF FUSION FOR NEW EUTECTIC FLUORIDE SALTS 

l K  
I 

( L i  F-1 5KMgF3) I 
MgF2-40CeF3 I 1393 

Heat o f  
f u s i o n  

p e r  u n i  t 
mass * 
kJ /g  

0.69 

.86 

.42 

Heat o f  
f u s i o n  p e r  
u n i t  volume 
o f  t h e  m e l t ,  

k J/cm3 

7 - 3 9  
a 

'1.67 

a1.5 

a L i q u i d  d e n s l t y  est lmated by assuming ( 1 )  i d e a l  
s o l u t i o n  behavior and ( 2 )  t h e  molar  volume o f  
each component a t  i t s  m e l t i n g  p o i n t  does n o t  
change w i t h  temperature.  
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lABLE I V .  - EXlkN1 OF UNDERCOOLING 

MexFy 

F O R  FLUORlDt SALIS 

A c t i v i t y  
c o e f f i c i e n t  

o f  MexFy 

Composit ion, 
mol x 

1100 
1300 
1100 
1300 
1100 
1300 

LlF-3OMgF2 
L i  F-l3KF - 13MgF 2 
NaF-22CaF2-13MgF2 
LlF-20CeF3 
L i  F-19.5CaF2 
KF-lSCaF2 

NaF- 20MgF2-16KF 
NaF-32CaF2 
NaF-23MgF2 
L i  F 
KF 
NaF-40MgF2-20CaF2 
CaF2- SOMgF2 
NaF-60MgF2 
Na F 

NaMgF3 
KF-61 CaF2 
KCaF3 
KMGF 3 
MgF2-40CeF3 

KF-15MgF2 

KF-69MgF2 

-7 .5  -7.3 
-6.4 -6.2 

-1 1 .45  -11 - 3  
-9.7 -9.6 

-10.4 -10.3 
-8.9 -8.75 

~ 

Degree o f  
undercoo l lng ,a  

K 

0 
0 

15 t o  30 
0 

2 t o  3 
0 
0 

20 t o  30 
30 t o  40 
60 t o  80 

0 
0 

40 t o  60 
3 t o  20 

70 t o  80 
0 

20 
30 t o  120 
30 t o  40 
20 t o  30 
20 t o  30 

7 t o  20 

CrF3 
FeF2 
N1 F2 
CrF3 

aRange o f  va lues  corresponds t o  
t h e  s c a t t e r  i n  t h e  d a t a  f o r  
d i f f e r e n t  runs. 

0.001 
.002 
-01  
-001 

TABLE V .  - ESTIMATLD A C T I V I T Y  TABLE V I .  - NUMBER OF MOLES OF GASEOUS 

C O E F F I C I E N T S  FOR DILUTE REFRACTORY METAL FLUORIDE ( n a )  

SOLUTIONS OF Me F 
I N  MF - Me F 

MELTS 

X Y  

X Y  

system 

L1 F-CrF3 
NaF- FeF2 
NaF - N1 F 2 
NaF-CrF3 

Gaseous 
specles 

14  

FORMED PER MOLE OF SAL1 F O i  

R E A C T I O N  OF THE METAL 

WITH A NaF MELT 

Temperature, 
K 



A1 l o y  Composl t lon,  a t  X 

Fe C r  N l  Co Hn S I  Mo Nb Ta W A 1  C Other  

Haynes 188 1.7 28.2 24.1 38.2 0.7 1.6 ---- 
H25 3.4 24.1 10.7 52.5 1.7 2.2 ---- 

---- 
---- 

1 
1.3 
1.2 
1.4 
1.  
1 .  

.1 

.6 

.5 
1. 
7.1 

1 . 4  
---- 

1.6 
1.6 
1.4 
1. 
1.4 
1.6 

2.7 
1. 

1.6 
1.7 

2.5 

--- 

--- 

N icke l  base 

0.4 70.5 
19.8 67.7 

8.3 72.9 
19.6 66.1 
25.9 41.5 
18.9 69.9 
19.4 73. i 24.4 22.9 48.9 72. 

---- 1 99.6 

-y 1 1.2 .l 

- 2  
.1 .2 

Ip',  !;; 

H a s t e l l o y - 8  
F a l s e  N 
Has te l l oy -N  
Has te l l oy -S  
Has te l l oy -X  
I n c o n e l  600 
I n c o n e l  702 
Incone l  718 
Nlmonlc 75 
Nl-200 

5.9 
.5 

5.1 
0.9 

22.1 
9.7 

.5 
19.5 

- 5  
1 ---- 
I 

0.3 
.7 
.3 

1 .o 
. 5  
. 5  
. 5  
.5 
.05 

--- - - 

1.4 
.2 

1.1 
.4 
.4 
.4 

.2 

.5 

.9 

.7  

.4 

.2 

.4 

I 

I r o n  base 

19-9DL 
304 
31 0 
31 6 
347 
A286 (cw 50 

Armco 18SRa 
I n c o n e l  800 
M l l d  s t e e l  

N l t r o n l c  40 
PH14-8Mo 
RA 330 

p e r c e n t  ) 

N-155 

64.8 
68.5 
49.4 
62.2 
65.3 
53. 

72. 
45.1 
98.6 
31.5 
59.3 
70.7 
43.8 

20.4 
19.8 
27.4 
20. 
21.4 
17.1 

19.1 
22.6 

25.1 
23.1 
16.4 
21.9 

-_-- 

10 
8.6 

19.1 
13.5 
10.5 
22.5 

1 .8 
29.8 

18.7 
7.4 
8.3 

---- 

30. 

Re f rac to ry  me ta l  

Nb- 1 L r  

---- 

a F e r r l t l c  a l l o y ;  a1 
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lABLL V I I I .  - SUMMARY OF A T T A C K  O F  V A R I O U S  ALLOYS CAUSFD BY EXPOSURE TO 

E U T E C T I C  FLUORIDE SALT MIXTURES I N  ALUMINA 

LIF-19.5CaF2 
1039 

100 h r  - 1070 K 

Composltlon, a t  ‘x 
f l e l t l n g  polnt, K 

Exposure condlt lons 

LlF-19.5CaF2 NaF-27CaF2-36flgF2 
1039 1178 

500 h r  - 1070 i( 100 h r  - 1203 K 

A 1  loy  

Co-base 
H-25 

HS-188 

Fe- ba s e 
19-9DL 
304 
31 0 

31 6 

347 
A286 
Armco 18SR 
Incoloy 800 
M i l d  steel 

PH14-8 
RA-330 

Nl-base 
Hastel loy E 

Hastel loy N 

False N 
Hastel loy S 
Hastel loy X 
Inconel 600 
Inconel 702 
Inconel 718 

Nl-200 

Nlmonlc 7 5  

Refractory 
Mo 
Nb-1 Zr 
Ta 

W 

Graln 
boundary 

General Grain 
boundary 

aExposures conducted w l t h  a plece o f  quartz I n  the  c ruc ib le .  
bNo d l f fe rence between exposures wi th/wl thout quartz i n  c ruc ib le .  
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LIF 

1100 
Y 

LIF 

liS0 r - KMGF~ 

900 
0 20 40 60 

MOLE PERCENT 

FIGURE 1. - PARTIAL PHASE DIAGRAM FOR THE LIF-NAHGF~ SYSTEM. 

L 
10 20 30 40 

MOLE PERCENT 
l ooOO 

b l b U K t  2 .  - I'AKIIAL I'HASt DlA6Km FUK THE LIF-KMGF5 ~ Y ~ E F I .  

- CEF, M G F ~  

VOLUME 

MELT 

FIGURE 4. - SCHEMATIC OF A THERMAL ENERGY 
STORAGE SALT CONTAINER. 
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KF LIF NAF 

FIGURE 5. - CALCULATED EQUILIBRIUM CONCENTRATION OF FkXFy (M = FE. NI. Co. CR, OR AL) AFTER 
CORROSION I N  ONE MOLE OF ALKALI FLUORIDE MELT AT 1100 K I N  AN INERT ATMOSPHERE ( IDEAL SOLU- 
TION BEHAVIOR I N  THE MELT ASSUEIED). 

’r 

-1 ~ 

1050 1100 1150 1200 1250 1300  1350 
-4 

950 lo00 1050 1100 1150 1200 1250 
TEMPERATURE. K TEMPEilATURE. K 

FIGURE 6. - EQUILIBRIUM CONCENTRATION OF k X F y ,  CALCULATED FIGURE 7. - EQUILIBRIUM CONCENTRATION OF ME,F,. CALCULATED 
WITH AN ACTIVITY COEFFICIENT OF 0.001, AFTER CORROSION 
I N  ONE MOLE OF LIF MELT UNMR AN INERT ATMOSPHERE. 

WITH ESTIMATED ACTIVITY COEFFICIENTS. AFTER CORROSION I N  
ONE MOLE OF NAF MELT UNDER AN INERT ATMOSPHERE. 



-1 E L TOTAL PRESSURE 

(A) 10 MOLE PPM MOISTURE. (B) 100 MOLE PPM MOISTURE. 

-1.0, I." 1 ? . ?  ?.Q ? .c  ? .B L." 7 n  - 1 . q q  .." ? . 2  ! . 4  !.C 1.n 2.0 

(CONTAINER VOLUK/MOLAR VOLUK OF THE SALT K L T )  

(C) 300 MOLE PPM MOISTURE. (D) 1000 MOLE PPM MOISTURE. 

FIGURE 8. - PARTIAL PRESSURES OF HF AND H20 AND TOTAL PRESSURE I N S I M  THE CONTAINER FOR A NAF MELT AT 1100 K 

AS A FUNCTION OF MOISTURE CONTENT AND L RATIO. 

1 . 0 7  

-6 
1 .o 1.2 1.4 1.6 1 .a 2.0 

(CONTAINER VOLUpIE/MOLAR VOLUK OF SALT MELT) 

FIGURE 9. - MOLE FRACTION OF DISSOLVED HF (XHF) I N  THE MELT 

AS A FUNCTION OF MOISTURE FOR A NAF MELT AT 1100 K. 

-2.0 
0 100 200 300 

MOISTURE. MOLE PPM 

FIGURE 10. - EFFECT OF THE REACTION OF DISSOLVED HF WITH 
THE CONTAINER MATERIAL ON THE TOTAL PRESSURE GENERATED 
INSIDE THE CONTAINER. 
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r,- --. - r : r .  

(A) HASTELLOY B .  

-. 
4 

FIGURE 11. - PHOTMICROGRAPHS OF SPECIMENS AFTER 100 HR EXPOSURES TO LIF-19.5CAF2 AT 1070 K 
I N  ALUMINA CRUCIBLES UNDER 1 ATMOSPHERE OF ARGON. 

0 50 HR I N  QUARTZ CAPSULE 

r 100 HR I N  ALUMINA CRUCIBLE 

H-25 HS-188 3 0 4  A286 RA330 HASTELLOY HASTELLOY 600 TA W 
N S 

ALLOY 

FIGURE 12. - COMPARISON OF THE DEPTH OF CORROSION I N  SEVERAL HIGH TEMPERATURE ALLOYS AFTER EXPOSURE TO NAF-27CAF2-36MGF2 
AT 1203 K I N  QUARTZ CAPSULES AND ALUMINA CRUCIBLES. 
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DENOTE 100-n~ EXPOSURE 

SOLID SYMBOLS AND DASHED L I N E  

1 
- ' ' - 1 DENOTE 500-HR EXPOSURE 

N 

I I I 
0 10 20 30 

CR CONTENT, AT% 

FIGURE 13. - DEPTH OF MICROSTRUCTURAL DAMAGE AS A FUNCTION OF CR LEVEL 
FOR ALLOYS EXPOSED TO LIF-19.5CAF2 AT 1070 K I N  ALUMINA CRUCIBLES 
UNDER 1 AlNOSPHERE OF ARGON. 

I 
1 4 - 8  304 310 316 800 A286 f E  

FIGURE 14. - DEPTH OF MICROSTRUCTURAL DAMAGE AND CA LEVELS FOR 
FE-BASE ALLOYS EXPOSED TO LIF-19.5CAF2 AT 1070 K I N  ALUMINA 
CRUCIBLES UNDER 1 ATMSPHERE OF ARGON. 

TOTAL ATTACK. VM 

CR, WT% 

60 
mo. WTX 

600 702 718 FALSE HAST- HAST- NICKEL HAST- 
N ELLOY ELLOY ELLOY 

B N X 

FIGURE 15. - DEPTH OF MICROSTRUCTURAL DAMAGE ALONG WITH CR AND 
Mo LEVELS FOR NI-BASE ALLOYS EXPOSED TO LIF-19.5CAF2 AT 
1070 K I N  ALUMINA CRUCIBLES UNDER 1 ATMOSPHERE OF ARGON. 
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